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NPG Report No. 14-46

THE EFFECT OF PLATE TENSILE STRENGTH ON THE BALLISTIC
LIMITS OF 3"0 STS AND 4"0 CLASS B ARMOR AGAINST 3" M62
CAPPED PROJECTILES AT 200, 300, and 400 OBLIQUITY.

1. This report represents a continuation of the work being
carried out by the Armor and Projectile Laboratory at
the Naval Proving Ground on the effect of plate tensile
strength on ballistic limits. Previous results have
been given in Reports 9-45 and 16-45.

2. The plates were heat treated and physical properties were
obtained under the supervision of Lt. Cdr. D. L. Winchell,
USNR. The ballistic testing and the interpretation of the
results were carried out by the author under the supervision
of Dr. R. H. Lyddane, head of the Armor and Projectile
Laboratory.
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PREFACE

AUTO IZATIO N

This study was authorized in Bureau of Ordnance letter
NP9/A9 (Re3) dated 9 January 1943 as a part of Naval Proving
Ground research project APL-3.

OBJECT

The investigation described in this report was conducted
to determine the effect of plate tensile strength on the
ballistic limits of 3.0 STS and 4V0 Class B armor against 3"
M62 projectiles at 200, 300, and 400 obliquities.

SUMMARY

The subject tests were conducted at 200, 300, and 400
obliquities with 3" M62 capped projectiles at e/d values of 1.01
(370 STS), and 1.39 (410 Class B). The plates were heat treated
over a range of tensile strength from 110,000 psi to 225,000 psi.

Owing to wide variations in type of projectile failure and
to plate non-uniformity, no general statement can be made
regarding the optimum hardness of the subject 3" armor under
the test conditions described, and no consistent effects on
ballistic limits of variations in oblJquity or tensile strength
were noted. However, the optimum hardness of the 4" ermor appears
to be in the neighborhood of 150,000 psi for the 200 and 300
obliquity tests.

The variations in ballistic limits are qualitatively
analysed from the standpoint of the energy requirements for
plate and projectile failures which, in turn, were observed to
depend on the plate tensile strength.
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I. INTR0DUCTION

References (1) and (2) are Naval Proving Ground reports
on previous studies of the optimum tensile strength of homogeneous
armor. With capped projectiles it was found that when the
projectiles were undeformed the optimum tensile strength was in
the neighborhood of the highest tensile strength at which a petals
wiped plate failure occurred; with uncapped projectiles it'was
in the neighborhood of the highest tensile strength at which petals
intact failure occurred. When the tensile strength was increased
above the optimum for undeformed projectiles, low energy plate
failures, such as spalls or punchings thrown, occurred. The
increase in tensile strength, however, was often accompanied
by considerable projectile damage resulting in a striking increase
in ballistic limit.

The tests described herein were conducted over a 120,000
psi range of tensile strength with 3" M62 capped AP projectiles.
The 200 and 300 tests were at e/d values of 1.01 and 1.39; the
4O0 test at 1.01.
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SII. MATERIALS AND METHODS

Plates:

3"0 STS Carnegie-Illinois Plate No. 179770
4-0 Class B Carnegie-Illinois Plate No. TT233-1/16

Plates were heat treated in 3' x 3' sections. The
detailed heat treatments and results of physical tests are
given in Appendix A.

Projectiles:

3" M62 Chevrolet 14.7 lb. capped AP projectiles.
Lot CM-C-59

Methods of Measurement:

All ballistic limits in this report are expressed in
terms of F(e/d,G) values, where F(e/d,Q) is defined as follows:

F(e/dtQ) - 41.57 M1/2 VL Cos 0

el/2d

M_ is the projectile mass in pounds. VL is the limit velocity
in feet per second (the minimum velocity for the projectile to
pass completely through the plate). 0, the obliquity, is the
angle between the normal to plate and the line of flight. e is
the plate thickness in inohes at the point of impact. d is the
projectile diameter in inches. All quantities entering-into
the above defining expression are measured directly except
the limit velocity. The depth of penetration of an incomplete
penetration in a bracket of a complete and incomplete penetration
was used to estimate the limit velocity.

III. RESULTS

The results given in detail in Appendix B are stuamarized
in Tables I - III.

UNCLASSIFIED
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Table I

3m M62 Projectiles at 20o Obliquity

Tensiles

Strength % SK
psi F(e/d,Q) 78841 Plate Condition Projectile Condition

310 C.I. No. 179770

109,000 55.200 2 600 115 Petals wiped. Intact. Effective.
127,000 56,900 2 800 119 Petals wiped Intact. Effective.

and Intact.
138,000 55,300 1 500 115 Punching thrown Nose cracked.

and Petals wiped. Effective.
156,000 53,900 1 500 113 Punching thrown. Intact. Effective.
182,000 55,000 1 500 115 Spall. Plate Nose broken and

badly cracked. Sheared. Effective.
197,000 Above 58,300 Above Plate cracked. Shattered.

122 Punching thrown.
226,000 59,000 T 1000 123 Punching thrown. Nose and body

Plate cracked, split and broken.
Not Effective.

410 C.I. No. TT233 1/16

116,000 59,000 -: 300 113 Petals wiped Body swollen and
and Intact. cracked. Effective.

129,000 Estimted Est. Petals wiped Body swollen and
80,500 117 and Intact. cracked. Effective.

152,000 65,900 3: 300 126 Punching thrown. Split in two.
Not Effective.

177,000 62,600 2 300 121 Punching thrown. Smashed and cracked.
Not Effective.

222,000 61,600 x11000 118 Punching thrown. Shattered.
Plate badly
cracked.
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Table II

30 M62 Projectiles at ;ý00 Obliquity

Tens11e
Strength % SK

psi F(e/dQ) 78841 Plate Condition Projectile Condition

350 C.I. No. 179770

109,000 53,700 ± 500 108 Petals wiped. Intact. Effective
127,000 56,500 ± 1000 115 Petals wiped. Slightly deformed.

Effective.
138.000 56,900 ± 600 115 Petals wiped Bent and cracked.

and broken. Not Effective.
156,000 82,800 ± 500 127 Laminations. Smashed and cracked.

Deep spall. Not Effective.
182,000 63,000 8OC 127 Punching thrown. Shattered.

Spall. Plate
cracked.

197,000 81,000 ± 800 123 Punching thrown. Shattered.
228,000 61,000 ± 1000 123 Punching thrown. Shattered.

4'0 C.I. No. TT233 1/16

116,000 58,600 ± 200 107 Petals wiped Slightly deformed.
and Intact. Effective.

130,000 63,400 ± 500 115 Punching thrown. Swollen and cracked.
Effective.

161.000 83,700 ± 200 117.5 Punching thrown. Shattered.
182,000 60,500 ± 100 111 Punching thrown. Shattered.
223,000 61,300 + 300 115 Punching thrown. Shattered.
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Table III

35 M62 Projectiles at 400 Obliquity

Tensile
Strength % SKPsi F(e/dG) 78841 Plate Co.dition projectile Condition

31,0 C.I. No. 179770
109,000 Above Above No oomplete Shattered.

63,000 122 Penetration.127,000 63,800 ± 600 123 Petals wiped Shattered.
and broken.138,000 62,700 ± 500 121 Punching thrown. Shattered.156,000 62,700 - 500 121 Punching thrown. Shattered.182,000 59,600 800 115 Punching thrown. Shattered.
Spall started.197,000 58,000 + 1000 112 Plate cracked. Shattered.
Punching thrown.226,000 56,5o0 ± 1000 109 Plate cracked. Split and
Punching thrown, broken. Not

Efrective.
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TABLE IV

Key to cymbols in Figs. 1-3

) --- No projectile damage

] --- Slight projectile damage

Intermediate degree of projectile damage

V --- Considerable projectile damage

( --- Maximum projectile damage

Above symbols are shaded as shown below to indicate types of
plate failures.

0 --- Petals intact, wiped, or broken

* --- Spall

1 --- Punching thrown

Note: Symbol with arrow directly below it indicates that no
completed penetration was made and the correct value
of F(e/d,Gf lies above that particular point on the
curve.
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* IV. DISCUSSION

Figs. 1-39 the key to which is given in Table IV, show
that there is no general statement which can be made regarding
the optimum hardaess of the subject 3' armor plate and that
except for the normal increase in F(e/dQ) with e/d and obliquity
no other consistent pattern of behavior was observed with
changes in obliquity. These indeterminate results can only be
attributed to the wide variation in type of projectile failure
encountered in these tests. On the other hand, the 40 armor
plate appears to have its optimum hardness in the neighborhood
of 150,000 psi.

Certain qualitative evaluations of the effect of plate
tensile strength on the types of plate and projectile failures
can be made which agree in general with a similar analysis
reported in reference (2). The types of plate and projectile
failures may be classified in the order of increasing energy
requirements (magnitude of effect on ballistic limit) as
follows:

Plate Failures Projectile Failures

Spall Intact
Button thrown -Nose damaged
Punching thrown Nose and body damaged
Petals broken, wiped Entire projectile
or intact deformed

Shattered

This classification indicates that low limits will be obtained
when the projectile falls into one of the first three above
categories (projectile effective conditions) and the plate
fails by punching or spalling. Figs. 1-3 support this hypothesis
since it will be observed that the round, square or triangular
shaded symbols (indicating the above mentioned failures) fall
almost without exception on the low side of the curves.
Conversely, those symbols indicating severe projectile damage
and desirable plate failures (clear diamond or clear inverted
triangle) are found at the high points of the curves in which
they occur. These observations clearly specify the characteristics
to be developed for optimum performance of homogeneous armor -
extensive projectile deforming properties combined with the
petals broken, wiped, or intact plate failures.

The occurrence of high limits with allegedly low energy
punching type of plate failure,, as noted in Figs. 1-3 does not
contradict the above classification. There are two reasons for
such high limits, the first of which is the fact that the
punching thrown type of failure is usually accompanied by the
most severe types of projectile damage. Secondly, the energy
required for the punching thrown type of failure varies widely

S~-7-



and In many cases cannot be distinguished from the petals wiped
failure by merely examining the back of the plate. With the
subject armor - projectile combination, no petal failure of any
kind was observed on plates of 140,000 psi tensile strength or
above and it is therefore obvious that the punching becomes
the most desirable type of failure obtainable in plates of high
tensile strength.

The type of plate failure, then, was associated with
tensile strength, and in general, the energy requirements for
failure decreased as tensile strength increased. Also the
amount of projectile damage and the energy required for
projectile failure increased directly with plate tensile
strength.
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V. CONCLUSIONS

1. No general conclusion can be made regarding the optimum
hardness of the subject 3" homogeneous armor under the test
conditions described herein. The subject 4" armor had its
optimum in the neighborhood of 150,000 psi tensile strength.

2. Variations in ballistic limit are directly related
to the types of plate and projectile failures.

3. At projectile velocities near the limit, the type
of plate failure is largely a function of tensile strength.

4. At projectile velocities near the limit, projectile
damage increases with tensile strength, e/d, and obliquity.

V1. REFERENCES

1. Effect of Plate Tensile Strength on the Ballistic
Limits of 2VO Homogeneous Armor of Four Different Compositions
against 37mm Capped AP, 3" M62 Capped AP, and 30 M79 Monobloc
SAP Projectiles. First Partial Report, U. S. Naval Proving
Ground Report No.9-45, dated 7 June 1945.

2. Effect of Plate Tensile Strength on the Ballistic
Limits of 0"7, 1V2, l.5, and 2V0 STS at 00 and 300 Obliquity
against 37mm Capped and Uncapped M51B2 Projectiles. U. S. Naval
Proving Ground Report No. 16-45, dated December 1945.
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VII. APPENDIX A )

Heat Treatments and Physical Properties

Symbol s:

hrs. - ...............-..... hours (at indicated temperature)

min-. ..................... minutes

W4- water quench

AC --------------- --- ------ air cool

psi - --------------- pounds per square inch

BEN ------------------------ Brinell Hardness Number. Hultgren
Ball VPN 940, 3000 Xg. load.

Tensile ------------------- ultimate tensile strength

Yield -- ------------ yield strength (01002 offset)

% Z -% elongation, 2" gauge length

% RA ---------------------- % reduction of area, O0505 dia.
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APPENDIX B

Ballistic Data

Symbols:

e---------------------- Plate thickness at impact in inches.

d ------------------------- Projectile diameter in inches.

0 --------------- - Obliquity.

M ------------------------- Projectile mass in pounds.

Vs - ---- ---- --- ---- --- --- -- Striking velocity in feet per second.

Vs% --------- Striking velocity in % of empirical
limit velocity given by BuOrd Sk.
78841.

Pene. ---------------------- Depth of penetration in inches
measured from the front surface of
the plate normal to the plane of the
plate.

Ad ------------------------ Increase in diameter in inches of the
forward bourrelet of the projectile
as a result of the impact.

F(e/d,Q) ------------------ F coefficient defined by the relation:

41.57 MI/2 VL Cos g

F el/2d

Where VL is the estimated limit
velocity (minimum velocity for
complete penetration) in feet per
second.
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I

Abbreviations:

Cp - Complete penetration. Major portion
of projectile completely through the
plate.

Inc ------------------------ Incomplete penetration. Major
portion of projectile rejected.

Sip ------------------------ Projectile stuck in plate.

Intact --------------------- Projectile whole but may be deformed.

Eff.- ----------------------- Projectile would detonate if loaded
and fuzed. Cavity and base plug
not injured.

P.T. ------------------------ Punching thrown.

P.S. ------------------------ Punching started.

B.T. ----------------------- Button thrown.

Lam ------------------------ Laminations.

P.W. ------------------------ Petals wiped.

P.B -------------------- Petals broken.

S.C ----------------------- Star crack.

P.I. ------------------------ Petals intact.
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